October30, 2001 LA-UR-01-6222

VersatileUserFriendly EOSPackage

RalphMenikoff* andJames). Quirk'
Los AlamosNationalLaboratory

Abstract

Many application,suchas coninuum mechanicsodes,requirematerialpropertiesasinput. Splitting
materialroutinesinto a separatenodule,would allow different applicationsto shareandaccesgroper
tiesfor a wide variety of materials. Herewe presentanimplementatiorof an equationof state(EOS)
packageAs anillustration of its usewithin a hydro code,a high level interfacebetweerthe EOSpack-
ageandthe Amrita ervironmentis described.This allows a very versatile,userfriendly and efficient
methodologyfor settingup andrunning hydro simulations. In orderfor a materials packag to be of
useto a broadcommunityrequiressomestandardizatiomf library functionsandprotocolsfor how the
materialroutinesinteractwith othercompamentsof a hydro code. To improve materialmodelingand
avoid duplicationof effort, the CFD communityshouldstrive to developestandardshatwould facilitate

sharingof code.

1 Introduction

Contiruummechaical simulationsneel to accountfor matera propertes. Here we focuson an equi-
librium equdion of state (EOS that entersinto the formulation of gasdynamicsand fluid dynamtcs. Since
thereis no single hydro code thatis bestfor all applications, it is usefulto have an EOSlibrary to give
differentcodesaccessto equatonsof statefor a wide variety of materials. The useof an EOSlibrary has
threeimportant advantages. First, it avoids duplication of effort amorg codes. In particular, the addition of
anew EOSbecomes available to all codesusingthelibrary. Second,it facilitates the ability to run a specific
application on differentcodes.Utilizing the sane equaion of state whenconparing differentcodesavoids
sydematicerorsthatwould resut from theuseof differentmateiia properties. Third, it is comatible with
amodudar codestructure. Changedo the EOSlibrary do notinterad with otheraspectsof ahydro code.

Thoudh the propertiesof a givenmaterialare unique,differentapplicationsusedifferentforms of equa
tion of state (ideal gas, stiffenedgas, van der Waal, etc.) acwording to the region of phasespae (density
andtemperature)that occursin the appication andthe neeled level of accuracy. Thus,for usein a hydro
code,a materialrequresspecifyingboth theform of EOSandmaterialparameterdor thechoserform. An
EOSpackagenealsto containalibrary of routinesfor different forms of equationandstate,anda database
of parameterdor avariety of materals. Sincedifferentforms of EOS utilize different pammetersanEOS
packaye should also supply auxili ary routinesfor selecting andinitializing a materal EOS.In addiion, an
EOSpackageshould provide ancillary routinesto facilitateinitializing thematerialstatefor agivenproblem.

It is importantto be cognizant of the fad that an equaton of state hasa domain of validity. For a
specifia material,the domain is determned in patt by accurag. But moreimportantare themodynanic
propertiegequiredfor the stabilty of thesoluion to theinitial value problem of the PDEsthat are the basis
for hydrodynamic simulations. Whenan EOSviolates the stability condition, eventhe besthydrodynanic
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algorithm will have problens. In otherwords,a mateiia equation of stateshoutl be regardedasinputto a
hydro code,andbadinputwill resultin badoutput.

The domain of an EOS canbe detemined by checkingthermodyname congsteng andother thermo-
dynanic relations[8], suchasthe soundspeedeingrealandposiive, neededto guarantee that fluid flow
hasa physically reasonablevave structure An EOSpackageshout provide routines to determinethe valid
domain of a particular equaion of state. For reasans of efficiengy, it is best to run the thermodynamictests
asapreprocessig stepseparge from any hydro code

The ability to access an EOSdatabase outsde a hydro code is useill for purposesother thanchecking
thermog/namicproperties. It providesa corvenient meansfor cdibrating EOSparaneters to data, and for
comparingdifferentfitting forms for a patticular material. Most of the available high pressuredatacomes
from shock wave expeiiments Computing points on the Hugoniot locus and releaseisentrope are very
usefulin desigring andanalyzingsuch expeliments.lt is highly desirable for anEOSpackaye to provide an
interface to a databasé¢hatallows a userto corveniently determne such propaties.

An outline of the remaining sections follows. Section 2 describesthe structureof an EOS packaye
that provides the capailities discussd above. It is desgnedto be versatileby including high level rou-
tines to allow new materals and new forms of equatiors of state to be addedeasily. Section 3 describesa
graphicalinterface. This allows easyacessto the EOS daabase,and the determination of the mostrele-
vantthermog/namicquanttiesfor fluid flow. Section 4 describegheimplementatn of the EOSpackage
in a one-dimenginal multi-material hydro code. For this purposethe Amfita environment of JamesQuirk
[11, 17] is used. AMfitacontainsanextendable scripting language. Utili zingthe parser capabilitiesof Amfita
allowsfor asimple userfriendly setupof hydro simulations. Section 5 discusss extensonsto othermateial
propertieswithin the samegeneal framework empbyedby the EOSpackaye.

The specift EOS routinesand their use within a hydro codediscussd here is meantto shav that
a versatie, userfriendly EOS padage advocatedhere can indea be implemented. The souce codeis
available upon request. But the main intent of this article is to give the computatioral fluid dynamts
comnunity ideasfor improving softwarerelated to materialproperties andthe setwyp of hydro simulations
pertainingto the selection of materialsandthe initialization of hydrodyname states. Relatedremarks are
presentedn thelast section

2 Structureof EOS package

The EOS packaye is split into three parts. databaes, an application interfaceandsharel libraries. A
databasds a file contining the parametersthat define an equaton of statefor spedfic materials. The
application interfaceis a collection of routinesthat neel to be linked with an application usng the EOS
packaye. It defines an EOSas a family of pointers to functionsthatreturn variousmateial quantity, such
asafunction P( V, e) thatretunsthepressureTheshard librariesaredynamicallylinked and containthe
low level routinesthatactuallycomputethe mateial quantitesfor a specific type of EOS.

An application obtains an EOS by passing the appication interface a string of the form ‘type::name,
where'type’ spedfiestheform of equaton of state and ‘name’ spedfiesthe paticular subsance. Theappi-
cdion interfacereadgthe databasesfetches an EOSof thedesiral type,initializesthe EOSwith paranetess
from the databae and loadsthe nealed sharel library. Applicationsutilize materialproperties indirectly
through the pointers to the EOSfunctions provided.

This structureis very versatie. An equatia of state can be definedby an analyic form, implicitly as
the solution to an auxiiary setof equatonsor as a tablelookup. A new materialof an existing type can
be addedsimply by indudingthe materialpaametersin a database For a materialof a new type,firstthe
sharedibrary correspadingto that type of equdion of stateis gengated,andthenthe mateial paraneteis
are addedto a database The database alsocontins the nameof the sharedibrary correspondig to ead



type of equaion of state. The netresultis thatnev materials canbe addedto the databae andusedby an
application without changingor evenrelinking the application.

This structureis particularly advantageou$or dealingwith proprietaryor classifiedmaterialproperties.
Classifieddatacanbeplacel in a separte database file and the corresponthg routinesdefining the form of
the equatin of stateplacedin a separte sharel library. Thus,thereis avery a clearand clean mechaism
to separation proprietay informationfrom the geneal functionsof the EOSpackaye which are public.

Next, each partis descibed in more detail

2.1 Database

A daabaseis an ASCII file. It containsadata block for each material. The datablock hastheform given
in thetable1 for the material Hayes: : HMX. The data block is simply alist of pairs of strings of the form
par armet er = val ue. The EOSpadkageprovidesroutine that strip out conmentsand transform each
datablock into a canonicd form thatis easy for an EOSinitiali zation routine to process.Theinterpretation
of the (parametejvalue)pairs is left up to theinitialization routine for the specifictype of EOS Thus the
purpo® of the databaseoutinesis to translatethe daa file from a userfriendly form to a machine efficient
form. This greatly simplifies writi ng initialization routine for each EOStype.

The EOSpackageals providesa calculatorthat allows initialization routineseasilyto evaluateexpres-
sions. In the above exampk, it is moreconvenient to spedfy theinitial dengty thenthe specific volume (V
= 1/1.9instead of V = 0. 526313). It is alsomoremeaningful to spedfy the eneilgy with an algebrac
expressionratherthanwith anumerichavalue(e0 = T*Cv instead of e0 = 0. 45).

The databaserovidestwo additional services. First, it kegos tradk of units. The units are spedfied
within the databae. In the previousexampk, the systemof units hydr o. st d is definedby thethreedata
blocks listed in table 2. The EOS packagealso provides routinesto fadlitate changingbetweensysems
of units. Changingunits by hand is very errorprone.But it is sSmply bodkkeeping thatis straight forward
to automateon a computer The unitsexample il lustratesthatit is straightforwardto constructcomposites
from otherdata blocks. This featurecan be usedto goodaffect. For example, an EOSof a mixture can be
constuctedfrom theequatiors of stateof thecomponentgogether with amixture rule, such aspressureand
temperatureequili brium.

Tablel1: Datablock for the material Hayes: : HUX

Hayes=HMX; units=hydro.std

{
/* paraneters fit to AQinger’'s hydrostatic data */
VO = 1/1.9 # g/cm3
PO = 1.0e-4 # GPa
TO = 300 # degrees K
KO = 13.5 # GPa
N = 9.3
Cv = 1.5e-3 # (MI/kg)/K
Gama0 = 1.1
e0 = TO*Cv
#c0=2.6778 s = 2.68946
}



Table2: Datablocksfor theunitshydr o. st d

Uni t s=hydro. std

{
Val ues = hydro. std: val ues
Nanmes = hydro. std: nanes
}
Val ues=hydr o. st d: val ues
{

# Fundanent al

L=1 # length
t =1 # tinme
m=1 # mass

T=1 # tenperature

:use = hydro. derived: val ues

}

Nanmes=hydr o. st d: nanes

{
| ength = mm
time =mcro's
mass = ng
t enperature = K
#
force = kN
ener gy =
#
velocity = knm's # km's
density = g/cn3 # g/cm3
speci fic_vol une = cm3/g
speci fi c_energy = M/ kg
pressure = GPa # GPa
speci fi c_heat = MJ/ kg/ K
:use = hydro. derived: nanes

}

Tabl e 3: Data bl ock for the materi al

of the database construct :use.

=mmmcro's
= 10"3 kg/ m3

10 kb

Hayes:: HW1 illustrating the use

Hayes=HMX; units=hydro.std

{
: use=HWX

/* paraneters fit to Yoo-Cynn's hydrostatic data */

KO = 12.4 # GPa



Thesecondpoaint is theconstuct: use = hydro. deri ved: nanmes. Thisallows the userto easly
modify an existing EOS.For examge, a secondeOSfor HMX with a differentvalue of the bulk modulus
thanthatusedby the EOSHayes: : HMX can be specified with thedatablockin table 3. Thisis paticulady
usefulfor studiesof the sendtivity of anexpelimentto uncetaintesin EOSparametes.

2.2 Application interface

Theimplementation of the EOSpackageas basedon anobjectoriented approab. It is writtenin C++.
Thehydro code describedin the next sedion predateshe EOS packageandis writtenin FORTRAN. There
is no difficulty in mixing langueges.

Theinterfacefor an EOSis definedasanabstactbaseclass. By utilizing only the virtud functionsin
thebaseclass,anapplication cantreatall typesof equations of statein the sane manner. Spedfic forms of
equatiors of stateare delived classes.A derived classcontainsthe pamameterdor a specific mateira and
implementghevirtual functions.

Only two virtual functionsarerequired;aninitialization routine anda pressurefunction. Geneic rou-
tines are provided for otherquantties. For example thegeneic routine for saund speed performsanumeri-
cd differentiaton, while thegenerc routine for anisentropeinvokes an ODE sdver, andthegeneic routine
for a shock wave solvesthe Hugoriot equation. Theintentis thatthe derived classoverlaysthe generic
functions with more efficient andacarateroutinesthattake into accourt the particular form of equaton of
state that it implements. The generic routines sewe two purposes.First, very little codenealsto bewritten
in orderto try outa new form of EOS If the new form works satsfactorily, the remainng routinescanbe
added.Ontheotherhand, if the new form is not satsfactory then the time spendto test it outis minimal.
The secondpurposeof the generic routinesis in validatinga nev EOS.They maybeinefficientbut they do
provide ressonablyacairatevaluesfor quantitative conparisons.

Isentropes,Hugoniots and isothermsare important famili es of curvestha arise in hydrodynamics.
Throughary given point thereis a unique curve of eachtype. It is natural to implementtheseloci as
classesThe EOSfunctionsfor thesequanttiestake a state asanargumentand retumn a pointer to a class for
the correspontihg quantty appropriately initialized for thelocusthroughthe specifedstate.Theisentrope
Hugoriot andisotherm classes$have a geneic interface providing functiors tha determne the stateon the
locusat specifiel values of pressureor specificvolume or other hydrodynanic quantties relevant to the
loci. For examge, a point on the Hugonid locusalsocanbe specifia in terms of the particle velocity or
shak velocity. Theloci classegive theflexibility to overlaygeneic routines with more efficient specialize
routinefor particular types of equatonsof state

For this setupto be effective, it is necessay tha the equaton of state classis reference counted. This
allows theloci classego store a pointerto the EOSandavoid copying the EOSparanetess. In the caseof
atalular EOS, a large amount of storage may be used. Referene counting alsoallows the EOS package
to catch aconmmon programimg error, delethg an EOSwhile other classestill useit. It is particularlytime
consuning to tradk down allocation errors sincethe codetypically crashesata point remote from the cause
of theproblem.

A function of importanceto hydrodynanics is a Riemann solver. The isentrope andHugoniotclasses
gredly facilitatedthe writing of the generic Riemann solver provided by the EOS package. It is naurd
for the solution algorithm to iterateon pressureor particle velocity. On the other hand, the isentropeis
defined by an ODE in which the naturalindependenvariableis the spedfic volume. The classegrovide
aninterface that allows the mostcornvenient variable to be used. In addition, the ODE solwer, usedby the
genercisentropelass cadespointsasit perfomstheintegrd. Thisavoidsrepeaed integrationof thesame
portion of the isentrope during the iteration algorithm andgreatlyimprovesthe efficiency of the Riemann
solver.

In summary, the application interface hasthreepurpogs. First is to provide acommoninterface for all



types of equatonsof state. Secondisto relieve uses the burden of low level considerdionssuchas storage
allocatian andefficiency. Third is to avoid duplication of effort by providing geneal routines,such asthose
in the loci clasgs andthe Riemann solver, so that differentusersdon't repeatedlywrite similar routines.
Othergenerd purposeroutinescanbe build, asnealed,uponthe routines currently in the EOSpackage For
example, thetwo-dimensonal analog of the Hugonbt locusandthe Riemannproblemare shockpolarsand
wave patems. This capaility would be usefulfor someapplications In addiion, the Riemannsolver in the
EOSpadkageis limited to corvex equationsof state.Generalizing to thenon-comwex caseis possible [9] and
would be very usetil for analyzing shack inducedphasetransitons. Adding such routines to the package
would make themavailable to all users.Thus,the EOS packageshout not be thought of ascomplete but
ratherasanongoingwork thatsenes the neals of thosewho cho to useit.

2.3 Shared libraries

Presenty the EOS padage includes five types of equationsof state. Ordeked by level of compkxity
theseare

1. Theideal gas EOSis definedby theformula

P(Vie) = (y—1)e/V 1

T(V,e)=e/C,y )
wherey istheadiabaticindex and C, is thespedfic hed at constantvolume.Simple andytic formulas
are availablefor theisentrope,Hugoniotandisotherm loci. Theimplementationof this caseill ustrates

theuse of overlaying genericfunctionswith efficient andacarateroutinesthat takes advantage of the
particularform of EOS.

Evenin this simplestof casesnanalytic soluion to the Riemannproblemdoes not exist. A Riemann
solver specializedfor anideal gasis about3 timesfaster thanthe genericonefor atypical problem.
The geneic sdver is slower when the soluion requiresa longerintegrationalong the isentrope. It
would be considerablyslower if the generc Hugonibt andisentropeclassesvereusedinsteal of the
specializednesfor anided gas.

2. Thestiffened gas EOSis defined by theformula

P(V,e) = (v = 1)(e—e.)/V — P, 3)
T(Vie)=(e— PV —es)/Cy (4)

This is a variation on the ided gas that allows an extra pammeter to set the initial saund speed,
c2 = v(Py + P.)Vp. Physically, it correspondso transkting theisentropen the (V, P)—planeupin
pressurdy anamountP,. Theisentropds frequentlyreferedto asthe Tait EOS

3. TheHayes EOS[4] is definedby the freeenepgy
FV,T)=ey+ Po(Vo = V) —noT
+ CU(T - To) |:1 + %(Vb - V):| - CUT lll(T/T(])
0

- m [Wo/V)N‘1 ~(N=D=V/W) =1, ()

whereV, Py, Ty, eg andng denotethe specific volume, pressuretemgerature,specift energy and
entrofy atareferencestate,C, is thespedfic hea at constantvolume,I’y chaacteizesthe Griineign
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codficient, I'/V = I'y/Vp, andthe parameters Ky and N chaacterize theisothemal bulk modulus,
K7 = Ko(p/po)" . In this casethere are analytc formula for theisentropegndisothems but not for
theHugaiot locus.Consequently, thegeneic Hugoniot classis used for this case.

With appropriate parameters,the Hayes EOSis very similar to a Mie-GriineiserEOStogetherwith
alinear relation, us = co + su, for the principd Hugonbot. The Mie-GrinesenEOSis frequenty
usedto mocdel metals, andthe parametersy ands have been measuredor mary matefas[5]. There
are simple relations betweenthe values of ¢y and s andthe parametersk; and N. Becaiseof its
usefulnesstheinitializationroutine waswritten to acepteitherthe pair Ky and .V, or ¢y ands. This
exampleillustratesthe advantageof allowing eachtype of EOSto have control overits initialization

4. Thevon Mises Elastic-Plastic EOSis a simple genealization of a hydrogatic EOSfor the case of
uniaxial strain.Thestresds definedin tems of a hydrosttic EOS P,(V, e) by

P(V,e) = Ps(V,e) + 2Ge, (6)

whereG is the shear modulus, the elasic strainis givenby ¢ = max[log(%), %] andY istheyield
strengh.

The elastc-plasic transiton displayedin the Hugonot is similar to that arising from a phasetransi-
tion. Moreover, this EOSillustrate how a composie EOScanbe constructedrom a pre-existing one
mativatedby anenhanementof the underlyirg physical model.

5. Theequilibrium porous EOSis a semi-analytic thermodymmic condstent completeEOS[7]. The
pressures defined in termsof a pure phaseEOS, P;(V, e) by

P(V.e) = ¢Ps(¢V,e — B(¢)). (7)

wherethevolumefraction ¢ is determinedimplicitly by the equation

P(V.e)V = ¢f£ ®)

andthecompection enegy B(¢).

The compactiorlaw, B(¢) and ‘fi—g, is encapsulateth a class. This alows the same database mech-
anismasusedby the EOS classand the Units classto be usedto fetch andinitialize the conpaction
law nealedby the equilibrium porous EOS.

TheseEOStypesillustrate thatthe framavork of the EOSpackageis quitegeneraandallows for awide
variety of forms of equatiors of state.The packageis very modular The addition of a new sharedlibrary
would not affect any existing codewithin the padkage. Sincethe databaseoutines are desighed to acept
multi ple data files, existing datafiles do not have to bemodified. Oncethesharel object andthedatafile are
written, the useof a new mateiia by an application requires only theinput of the name of the new mateial
andthe nameof the datafile thatspecifiesits pamameters.



3 Graphical Interface

To testthe EOS padkageseveral driver routines were written. Theseare high level prograns which
take command line inputandthenexerciseroutines within the package. Thoughsomevha clumsy to use
becais of the inflexible naure of the commandline aguments the functionsthey perform are geneally
useful. Thesdancludeprogransto fetchdatafromthedatabasep computepointsontheloci of anisentrope,
Hugonot or isotherm,and to sdve for the impedancematch of a shockwave propagting throughthe
interface betwea any par of mateials.

To make it morecornvenient to usetheseprogramsagraphicalinterface is includedin the EOSpackaye.
The interfaceis writtenin ped/Tk. (A more portableversion would be writtenin Java andrun on a web
browser Theinterface has been pattly convertedby a summer student,Pder Keeler) Theinterface allows
the userto enter datain a corvenient form, callsthe EOSprograns to do the calculationsandthendisplays
theresuts in areadableform. Figure 1 shavs the userwindow thatthe graphicalinterfacegeneates. The
interface displaysunits alongwith numerical valuesfor hydrodynamic quantites. In additon, it canproduce
listsof paintsor plot pairs of variablesalongan isentropeor Hugonbot locus. It alsocan generatethegrephic
solution to animpedane match problem. An exanmpleis shown in figure 2.

. Riemann Problem
left materialis EqPorous::estane

right material is Hayes::HMX

10.0 T T T
75 | -
©
& 50 | —
o
25 | -
0.0 | | |
0.00 0.25 0.50 0.75 1.00

u, (km/'s)

Figure2: Graphicalsoluion to impedane matchproblemgeneatedusing the graphicalinterface to the
EOSpadage.In this casethesolution hastwo outgoing shockwaves.

4 Utilizing EOS package within Hydro code

Utilizing the EOSpackagen a hydro simulatiors is described next. The Amfita environment developed
by James Quirk [11] is used becauseheflexibility of its structureis well suitedfor thetask. The purpogis
to show thatit is straightforwardto implementa codewith the material propertiesandthe hydro algarithm
in sgparatemodues,andto demonstratea condseuserfriendly setyp procedurefor hydro problers.
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Figurel: Graphicalinterfaceto EOSpackaye.



41 Amritg

Amritais anenvironmentthatgreatlyfacilitatessetting up, running and documenting theresuts of hydro
simulations. It is compogd of severd paits; saipting language adaptve meshrefinementcomputatiorsal
engine doaumentatian facility, andan extensve library of usefulprocedurs andtools. It is desigied to be
an extendible sygem. This is an importantfeaturetha we use to take full advantage of the cgpabilities of
theEOSpadkage.

A brief overview of Amfitais neededo understandhow we will useit. We call the scripting comporent
of Amfitathefront end. Uponstartup the front endinitiatesa separge process, which we cdl theback end,
alongwith atwo way communication channelcdled the ISL pipe. A computtional engineis thenplugged
in by dynamically linking ashare objed to thebad end. The essantial ideaisthat the front endscheduks
work for thecompusttional engneon the badk endto cary out.

An amritascriptis processedy aninterpreaer. This allows tasks, suchas seting up andrunnirg a
simulation, to be specified in a conciseuserfriendy manner The computer time expendedprocessng a
scriptis nggligible comparedo the computatiand effort running a hydro simulation. Sciiptsalsoprovide a
meanof automatnganddocumentigthestepgaken to analyze anapplcation, fromseting upacalculation
to postprocessitheresults. Thisis particularlycorvenientwhenthe needarisesto changea parameterand
rerunasimulation.

Thefirst step of theinterpreteris to readandparsealine trandating the high level sciipt commandsnto
low level ingtructionsof anintemediatesciipting languagg(ISL). After sendingthe instructions down the
ISL pipe, theinterpeterthenwaits for theconputatind engireto sendbad areply. Uponreceiving areply
thatthe commandhasbeencompkted, the interpreterprocededo procesghe next line of the script. This
descripton of the action of the intempreteris oversinplified. Like processorsof other scripting languages,
the amrita interpreer also hasthe capabilty to setand use tokens,to perform loops, to cdl other anrita
scriptsasprocalures,andto execute shellconmandsor systemcalls. Moreover, the amritainterpretercan
utilize sciipt fragmentsin other languagesuch asperl.

Thebadk end canbethoughtof asevent driven. In contrasto awindow sygem,theevents are geneated
by the parserat the front endratherthanmouseclicks or keystrokes. By spiitting the stepscarried out by
thecompuationalengneinto small tasks,ead correspondingto an ISL instruction, onegainsthe ability to
programthe conputatind engire for a specific application ratherthan having a hardwiredprogram. That
is to say onedoesn’t have to add problem dependentode andrecompile the computtional enginein order
to add a specializedfeaure neededo run a particularproblem.

We useamr_sd, alsowritten by JamesQuirk [12], for the computatioral engine. It provides thein-
frastructure needd for an adaptive-mesh-efinementhydro code. To amr_solwe plug in a solver or pach
integrator The solver deteminesboth the equaton setandthe hydro algorithm. Its function is to update
the solution vectoron a simple redangular grid by onetime step. Amr_sol takescareof the O, bounday
condiions memoryallocaticn and bookkegping associatedwith refining the grid, filli ngin ghaost cdls for
each grid patch,andsulxycling over thefinely zonedgrid paches. We notethatthe data structures neede
to split a grid into patche for meshrefinerrent are also well suited for pamllelizing a hydro simulation
Amr_sol is desigred to take adwvantageof this andcan be run on either a single processoror a cluster of
work stations.

In addiion to plugging in a computtional engne and a solver, an EOSplugin was written to interface
theparsemt thefront endandthesolver attheback endwith the EOSpackage As discussedn theprevious
sectiontheEOSpadkagedynamically linkslibrarieswith the specialize EOStypesthat it needs.Theuseof
a hierardical sequenc®f pluginsor dynamicallylinked librariesis a very powerful techniquethat allows
for greatflexibility in expandingcapabiltiesof a codeas needsarise.

Althoughamr_solcan acconmodatetwo-dimensonal grids, for the purposeof demastratingthe useof
the EOSpackagédn a multi-cormponenthydro code,we restrict our attenton to one-dirensonal solvers for
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the Euler equatiosin Lagrangiancoordiretes

n 0

o |V 0 —u R

3 | w +% P, =0, 9
FE P,u

wheren is a materialindex, V' is specific volume, « is particlevelocity, £ = e + %u2 is thetotal specift
enegy, P, (V, e) is the pressurefor the n'" materialand dm = pdz is the masscoordinate.A Lagrangian
algorithm naturallytrackscontads and avoidsthe comgication with an Eulerian algorithm thatresultsfrom
mixed cells. Thisis donefor simplicity andis notafundamentalimitation

Thesolver or patchintegratoris a small amountof logically smple codecomparedto theadaptve-mesh-
refinementinfrastructure providedby anr_sol. Four solvers werewritten; viscoussolver, Roe solver [13]
asformulatedby Glaister [2, 3] for geneal EOS,Lax-Friedrichssolver and Marquinasolver[1]. These are
basicallyvariationson a theme anddiffer principally in theform of numerical dissipation neededfor shock
cgpturing. Thesolversinteractwith the EOS packagethroughthe useof bindingfunctions Thisindirection
is neededto allow the FORTRAN functionsof the sdverto accessthe C++ classe®f the EOS packae.

We notethat the Roe scheme uses an averagestateof adjacentcdls. This is suitabk for the interior
of aregion but not at the interface betweentwo compaments with very different materialproperties. At an
interface the Roe schame is replaed with a Riemann solver. Whenthe differencein the valuesof u and
P aaosstheinterface are small alineaized Riemann solveris used. Otherwise the exactRiemannsolver
provided by the EOSpackaye is used. Sincethe exact Riemann solver is applied for a very smallfraction
of cdls in thegrid, the extra expensehasa very smalleffect on the overdl efficiency of the solver. Having
routines, such asa Riemann solver, available in the EOS packaye, allows special cases to be handed in a
rational androbug mannerand aleviates the neal for adhocfixes.

4.2 EOSplugin

A plugin requirestwo partsworking in concert. Whena plugin s started, it registers a setof keywords
with the front endand a setof ISL tagswith the back end. The amritaintempreter uponrecognzing a
keyword, cdls the procalure thatthe plugin registerad. The procedurdor the plugin parsesthe remainder
of thescriptline, andsendsnstructionsfor thedesredtask throughtheSL pipeto thebackend. Similarly,
thebadk enduponremgnizing anISL tagcalls the subroutire that the plugin registeral. Both endsof the
plugin have the ability to read from andwrite to the ISL pipe. This enabledatato be transfered betwea
theintempreterandthe plugin. Moreover, theintemmediatesciipting languages not etchedin silicon, but is
programnable. In effed, the ISL is detemined by the tags andwhatever tasksthe plugins are designedo
perform.

The mostimportant pait of developing a plugin is to selet¢ keywordsthat are sufficiently flexible to
allow the user to spedfy ary reasonabletask,yet clearand conci for theidiomsor pattems of work most
frequenty used. The keywords for EOSplugin are listed in table 4. Thetem handl e is justa variable
nameandis a corvenient meansof referring to an EOSdatastructure It can be passedn to other EOS
keywordsto obtaininformation aboutan EOSstate or spedfy theinputfor afunction,such ascompuing a
point on a Huganiot locusor solving a Riemannproblem.
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Table4: EOSplugin keyword commands

getmaterial type::name -> handle
getstate on[dir] locughandE) atvar=num -> handle
where  dir = left | right
locus= hugoniot| isentropd isotherm
var=P|V |u]|us

getstate handleatVe | PT expr_list -> handle
whete expr_listhasform: var=expr; . . .

solve RiemannRoblem (left_stateright_stte) -> riemann:handle

eosinfo index <type> ->token_name
<type>= materials | units| type

eosinfo type <type> ->token_name
<type>=*::<name>| <eos_tyg>

eosinfo units <name>(variable_lis) -> namespae::prefix

eosinfo corvert <to_from> (var_lig) -> namespae: |prefix
<to_from>=to <units>| from <units> | <unitsl> to <units2>

eosinfo materialname> ->token_name

eosinfo state::<hande> (var_list) -> namespae:|prefix

eosinfo rp::<handé>:<hash>(var_list) -> namespae: |prefix
<hash> = left_state| right_shte | left_wave | right_wave | units

eosinfo [state]<handle> statement_list -> namespae:|prefix

locus { # multi-line keyword

print{var[(format)], var[(format)], ...}
on[dir] locughandk)
for var {init; logic_expr; increment}

As an ill ustrationof the use of keywordsin proscribinga hydro problem, the Amfita script commands
needd to setuptheimpedancematchtestproblemcorrespondingto figure 2 are

def Sol utionField
getstate on right hugoniot (EqPorous::estane) at P=3.1 -> Wleft
getmaterial Hayes::HW -> Wright
setfield Wleft X] < $Nc
setfield Wright X] >= $Nc
end def

This sds the left andright materals to be EqPor ous: : est ane andHayes: : HVKX, respectively. Fur-
thermorethestateW | ef t is setto the point on the principal shockHugoniot with a pressuwe of 3.1,and
W ri ght is setto the referencestatedefinal in thedatabasgwvhichtypically correspondso P = 1 barand
T = 300K. TheSol ut i onFi el d block is anintedockto fadlitate error handlng by ensuring portionsof
the setupare pefomed in the correctorder In this example,setfield Wleft X[ ] < $Nc, would
not make senseunlessthe grid hadbeen defined previously.
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The ability to seta state on a Hugoriot is very useful. In mary materialpropety experiments, high
pressuresre obtainedrom eitheragasgunprojectile or an explosive planewave lens. Frequentlythedrive
sygemis nat of interest andcanbe replaca by the leadshak thatit generates.In the case of a gasgun
expeliment,thevelocity of the projedile is measued, andtheleadshodk wave in thetamgetis determned
by a Riemannproblem. The shock statein thetargetcanbe setwith thescriptcommands

getstate Hayes::Kel-F at Ve{ u = $u_projectile } -> projectile
getmaterial Hayes::Quartz.x-cut -> target

sol ve Ri emannProbl em(projectile,target) -> drive

set target_state #= &eos::hydro_state("rp:drive::right_wave")
Wtarget ::= <$target_state>

Detemining the statewithin a script setting up a simulation avoids the need for a side cdculation andthe
error pronestep of transcribing datato theinputfile of the hydro code

Theeffort of writingthe EOSpluginiscomparable,in terms of numker of linesof code to that of writing
thegraphicalinterfacefor the EOSpadage. We notethatfigure 2 obtained with the graphicalinterface can
alsobe generged with the saipt commands

getmat eri al EqgPor ous: : est ane -> estane
getstate on right hugoniot(estane) at P=3.1 -> incident
getmat eri al Hayes:: HW -> hnx
sol ve Ri emannProbl en(i nci dent, hnx) -> RP
Pl ot R emannSol ution {

handl e = RP1

i nci dent = estane

ext end = true

u_max =1.0

}

ThecommandPl ot Ri emannSol uti on is an amritaprocedure It usesthe keyword | ocus to obtain
thedataneededor theplot. Anotherlibrary procedure Pr of i | eRi emannSol ut i on plotsthe profile of
a specified variableat a specifedtime. This procedureis usedin the next section to provide a comparison
for testproblems of a hydro code.

For the casud user thegrgphicd interfaceis easierto leam andmore cornvenient thenwriting a sciipt.
However, the scriping languageis moreversatie andpowerful. Theabove codefragmens andprocedure
give an indication of the utility andflexibili ty thatthe keywordsprovide. Moreover, sciiptsgredly facilitate
docunentation and autonation. Sciiptsare well suitedto running aseriesof calculatons,suchastestngthe
thermog/namicconsisency of all materials in a database or comparing differentfitting forms for the same
material.

4.3 Numerical examples

As atest of theimplementatn of the EOSpackae in ahydro code,we usea Riemanrproblem.In the
case with ideal gasequations of state this testis known asSod's problem [14]. Thoughthere is no andytic
solution, the theoryof hyperbolic PDEswith scaleinvariantinitial dataallows any Riemannproblemwith
geneal equdions of stateto be sdved arbitrarily accuraely. This effectively providesan“exad” solution
to compare with theresults from a hydro code. Theuseof materialswith dispaateproperties/argeratio of
denstiesandsownd speedsprovides a more stringenttest for hydro algorithmsthanthe Sodproblem

We consde impedane matchproblems The momenttheincident shack impactsthe materialinterface
correspadsto theinitial condifonsfor a Riemann problem. Thefirst testproblem has a soluion, shavn in

13



figure 2, conssting of two outgoing shockwaves. Thenumericalprofiles of variousquanttiesare compared
with theexactsoluion in figure3. Asidefrom smearingoutan idealdisconinuousshack front, asexpected
for a shock cgpturing algorithm, the numericé solution is quite accurée.

Without meshrefinement adated to follow the shockfronts the sdution is shavn in figure 4. Two
points are noteworthy. First, without meshrefinement, the shak fronts are quite smeaed out. Second
thereis a signficantovershootn the enepgy atthe contact. The smeaing of the shockfrontsis related to a
propertyof the equation®f state namely, alargesoundspeedelative to theshock speed For both theweask
reflected shockandthestrongtransmitedshock, theincreasein charaterisic velodty acrosstheshak front
is small. Hence,the corvergenceof the charaderistic, which leadsto a shack, is not asstrongan effectas
with ided gases.Theenegy anornaly atthe contad is similar to the‘excesswall heating’thatoccussin the
Noh problem [10]. It resuls from an entrofy error duringthetransent when the reflected shock forms[6].
In contrast to an Eulerianalgorithm, thereis no adwectionin an Lagrangianalgorithmto smear the entopy
error over many cells. By coarseninghelocal mesh behindtheshack front, adaptve mesh refinementhas a
diffusive effect behindthe shockfrort.

As a secondexanple, we usea testproblemin which the reflectedwave is a strongrarefaction. The
wave curves for the graphicalsolution are shavn in figure5. A compaisonof the numerical profileswith
the exad solution andthe effect of usingadative meshrefinamentis shavn in figures6 and7. With
adaptie meshrefinement,the leading and trailing edgeof therardadion, which represenkinks or points
with discontnuousfirst derivative, are much betterresolved. Both casesshav an enggy anomalyat the
contact. It is dueto the formation of a centere rarefaction. Therarefactioncannot be resohed until it is
spreadout over several cdls. Thelack of resoluton causesnentrogy eror. For stiff materialstheentrogy
error causes muchlarger anonaly in theenegy thanin thedensiy.

The useof scriptsandan EOS databaseyreatly facilitatesthe autonation of test problems This is
importantbecaisenon-linear effectson numerical algarithmfor systemsof equationsarebeyondthecurrent
techniques for mathematicabnalyss. Consequentlya large numberof testproblemsare neede to assess
the strengths and weaknessesf the available algorithms The ability to plugin a solver alows different
algorithmseasily and sysematicédly to be compared. Moreover, with all other factorsbeing identical, the
effedts of thealgorithm areisolated cleaty.

5 Extensionsto other Material Properties

Two classesf problems readive flow andelastc-plasticflow, are naturalgenealizatiors of the Euler
equatios. Both requireadditional materialproperties.Again it would be advantageougor a codeto ob-
tain the neededpropertiesfrom a databae. We briefly outline how materal propertiesin generé can be
incorporatednto a databaseusing the same framawork as employed herefor equatians of state.

Thouch the physical desciption of reactive flow andelastic-plastic flow are different, the mathematal
structure is the same. For simplicity we constde eastic-plastic flow for the caseof uniaxia strain, and
reactive flow for the casein which all speciesarein pressureandtemperaure equilibium. Both casesare
thenextensonsto the Euler equations obtainedby adding internaldegreesof freedom with corresponding
governingequatons,which have theform of rateequations,

n 0 0

\% —u 0
LN R el I 0
t E m P, 0

A 0 R

whereR and(@ are sourceterms Therateequaionsarein chalcteistic form. Although they increasethe
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Impedance Match (Hayes::HMX -> IdealGas::5/3)
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Figure5: Grgphicd solution to secondmpedancenatchproblem which hasan outgoing rarefadion wave
andshak wave.

degeneacy of the mode with chaaderic velocity 0, the systemof the PDEsremains hyperbolc with one
pair of acoudic modes. The additional degreesof freedomZ are coupledto thefluid flow by meansof the
pressureP, (V, e, Z) in theflux function, andperhaps sourceterm Q(V, e, Z) in theenergy equation

For reactive flow, the intemal degrees of freedom are typicdly the mass fractiors of the reactantsand
R representghe chemtal readion rates. Modelsfor non-equilbrium effectsin gasdynantgs, suchasdis-
sociatbn, ionization and vibrational or rotational excitations can be viewed as a speda caseof readive
flow.

For elastic-plastc flow, P,, correspomisto thelongitudinalcomponentof stresso,... Theinterna vari-
ablesaretypically identified with plasic strain, work hardaiing parameteyback stressetc. Thesourceterm
for theplasic strainis known asthe plastic-strainrate,andtypicdly vanidhheswhen theshearstressis bd ow
theyield surface. Thisis similar to chenical readion ratesdeceasingapidy with temperéureandfreezing
in non-equilibium spedes, suchasocaursin the exhaustnozzle of a jet engire.

Thematerialpropertiedor this classof modelsarespedfiedby avectorof functions(P,, Q, ﬁ). Aswith
the composte equatiors of statein section2.3, von Mises Elastic-Plasic EOSandequiibrium porouseOS
thesefunctions canbe constderedto be virutal functions of a materials property class.Again the structure
usedfor the EOS padage,conssting of a databae file for paraneters and shared libraries to implement
specificfunctions,would allow different applicationsto utilize a common set of modelsfor awide variety
of materials.

Furthemore different physics modelscaneasiy be combnedwithin the same continuum mechanics
code.Supposeanapplication congstsof anexplodve (reactive material)driving ametalplate (elastc-plasic
material)throughagas(hydrostatc material).A simulation codewould have to allocateenoughcomponents
in its solution vector for the maximum numberof intemal degreesof freedomof arny material beingused.
Thenby usingthevirtual functionsin the materialclassto evaluatethe sourceterms, the componentsof the
solution vectorfor each cell would be updatedwith the appropriatematerial modd. In addition, different
solvers can be usedfor eachregion provided tha the flux at the interface between regionsis congstent
For exampe, specialized sdvers could be usedin regionswith stiff sourceterms. With this framevork, the
overall efficieng/ of asimulation could beimprovedwith a hybrid algorithm thatselectsa sdver well suited
to the physics within eachregion.
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Figure6: Compaiisonof numerica profiles andexact soluion for Riemanrproblemwith outgoing rarefac-

RP2(Hayes::HMX,IdealGas::5/3) at t = 2.01 micro‘s
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6 Final Remarks

The utility and effectivenessof software, such asan EOS package dependon the detailsof the im-
plementation aswell asthe overall structure Yet detailsin an article suchas this is necesaily limited
by condraints on the length andthefad thatonly very few specialist have the inclinaion or motivation to
analyzean implementaibn of anather reseacher Remplenentation of the concepts and ideas resuts in
consderableduplication of effort andslows down progresstowardsimproving the software.

Software is espedally important to the computatonalfluid dynamts (CFD) community. A large num-
ber of agorithms have been proposed.Yet for compresdile flow, the strongnon-linearities have limited
analysismostly to a scalar PDEin one-dinension. Algorithms for systens of PDEs are typically basedon
a heuristc derivation motivated by the scalarcase. Moreover, chacterstic analyss, thatis sucha pow-
erful technigwe in onedimenson, is rather limited in higher dimensiors. Typically, algorithmsin two and
threedimensons are basedon opeiator splitting. Consequently, algorithmic developmentrelies heavily on
numerical expeliments

Yet,the CFD conmunity hasnot agreel upona standad setof test problems. Agreament is hindered by
thetime andeffort required to seup numericalproblems.Morover, the time andeffort to codeup different
algorithms,alongwith their many variations, haspreventeda sygematiccompaiisonsbetwea algorithms.
This hasgreatly slowed down progressin the field. One exampleis the ongoing controversity, after thirty
yearss of exparimentsandsimulatiors, about the‘transtion criterion’ for regularandMachreflections. An-
other exampleis thatof the four solverstried with the EOS packagepresentedere, onewas significantly
worsethanthe others. Is thisbeauseheschenme wasdevel opedandtestedon an Euleriangrid andnot suited
to a Lagrangiangrid, or thatsomepartof the statemenbf the algorithmis ambiguousandhas been misin-
terprdaed, or thatthe algorithm is codedincorrectly? Having a metansmto exchange saurce code would
gredly faciliatetheability to track down discrepandes betweenclaimsfor analgorithmin theliteratureand
the expelience of anindividual reseacheron a particular application.

The CFD has reacheda level of maturity where it is not pradical for every reseach groupto produce
all its own software from scratch.In analogy with standardnathematal libraries for specal functionsand
linear algebrathe CFD community heedsa meango sharethe componentsof a hydro algorithm andhave
themavailable at the level of saurce code. Sharingcode will require standards for arguments to functions
and protocolsfor how the componentsinteract. This is quiet analogousto protocok like TCP/IP which
allowedloca networksto expandinto theworld wideweb and languagestandads like html which endled
webbrowsess to becomeavailable to all PCuses.

We nate thatthe solversandsciipts discussad herecan be combhnedin atar file of about100 Kbytes,
andtheneasily sentby e-mail or made available over the WEB.! With this file, andwith Amfita andthe
EOS packaye preinstalled,all the resuls presentedhere, andin fact this manuscriptcanbe reproducd.
Making availablereseach at the level of codewould alow other resarches readiy to try out their own
conjecturesvithoutthe large overheadin time and effort of recodingand dehuging a publishedalgaithm.
Theability for aryoneto run a suite of simulationswould fadlitate detemining the strengthsandweakness
of an algorithm and allow suljective claimsaboutthe merits of one algorithm as conmpared to anotherto
be anayzedin an objective manner. This would naturallyleadto increasingstandadsin afield tha relies
heavily on numericd simulations.

The Amfita ervironmentcan be thoughtof asa proof-of-principle that a flexible and extendilie soft-
ware environmentfor hydrodynamicscan be designed. The useof a high level script languagetuned to
fluid dynamts appicationsandpluginsfor solver algarithms and specialized code, suchas amaterialprop-
erty library, would go along way to alleviate the obstacleto morerapid progress.This approactrequires
consensusf the CFD comnunity anda changefrom the cottageindusty mentality, thatdevelopedwhen

1TheEOSlibrary presentethereis availablefromht t p: / / t 14web. | anl . gov/ St af f/rsmi preprints. ht m #ECSI i b.
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compuing resource werelimited to thosefew employed at large reseath centers, to a more cooperéive
mode in which codeis shared, examined by mary researchersandcontinually improved for the benefitof
theentire community. A cooperséive appro@h requiresstandadization in orderfor softwarecomponens to
beinterchangble.
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